Abstract-A functional prototype of a luminescent solar concentrator photovoltaic (LSC PV) module, called Leaf Roof, aims at demonstrating the design features of LSC PV technologies such as coloring, transparency, and flexibility in physical shape. In this paper, the prototype is presented and the first measurements of its performance are shown. The geometrical gain of this new type of PV module is 3.6. For two types of Leaf Roof modules, I-V curves have been measured resulting in efficiencies of 5.8% for a red-colored PV module, and 5.5% for a green-colored PV module under similar conditions. These results demonstrate colorful, robust solar energy collectors which can be produced in a wide variety of shapes are viable, attractive devices for use in building integrated systems. Additionally, thanks to the use of poly(methyl methacrylate) (PMMA) as a cell encapsulant, the Leaf Roof modules are less susceptible to energy losses at elevated temperatures due to high irradiance and high ambient temperature conditions.
I. INTRODUCTION
T HE functional principle of luminescent solar concentrator photovoltaics (LSC PV) was originally proposed in the late 1970s [6] , [16] . An LSC is a technology for harvesting solar energy that is comprised of a transparent, thin, shaped plate acting as a lightguide with a large surface area. This lightguide consists of a transparent material with a refractive index higher than air, usually a polymer or glass, containing luminescent pigments, usually called a "dye." Photons originating from solar irradiance enter the LSC and are absorbed by dye molecules and subsequently re-emitted at longer wavelengths. A large fraction of the re-emitted radiation is trapped in the lightguide by total internal reflection (TIR) at the material's surfaces. TIR is interrupted at the interface between the lightguide and attached solar cells, where the photons are converted into electricity (see Fig. 1 ). To increase TIR, inwardly directed transparent reflectors are attached to the surfaces of the lightguide that are not covered by solar cells. Due to the use of a limited fraction of the total area of the lightguide (namely, the edges), the efficiency of LSC PV elements is at present significantly lower than other PV technologies. The world record efficiency for LSC PV in a lab setting is 7.1%, currently held by ECN in the Netherlands ( [7] ; Slooff et al. [13] ), and the theoretically expected efficiency for LSC PV devices is in range of 10% [11] , [12] . However, in real-life applications, the efficiency of LSCs is usually in the order of 3-4%, see Table I In general, LSC PV modules have other advantages apart from aspects related to energy performance, such as enhanced aesthetics via the possibility of customizing coloring, transparency, shape, and surface texture of the plastic LSC PV modules. These aspects will create interesting opportunities for building integration of PV technologies that will be appreciated 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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by architects. Particularly in the framework of building integrated PV, architects have a large impact on what does and does not go on the building envelope. With this in mind, with the Leaf Roof module, we try to link the technical possibilities of LSC PV modules to their market applicability. Furthermore, there are practical considerations. Namely, in situations where maximum electrical efficiency in a minimum area are desired, silicon (or other technologies) PV modules are most appropriate. However, in locations where it is inappropriate or outright impossible to deploy standard solar panels, the usage of LSC PV modules could be actually preferred to silicon PV modules. Such locations include, but are not limited to, shady locations, North walls of buildings, and noise barriers [8] , [9] where complete transparency is desired, street-level installations where appearance and robustness are required, or where space is not at a priority. Their relative insensitivity to solar conditions [3] could make LSC PV modules ideal for integration into locations such as bus stop shelters, sound barrier walls, park benches, and other urban applications.
II. LSC PV MODULE LEAF ROOF
Traditionally, the LSC is a flat, rectangular sheet through which dye-emitted light is guided to small strips of PV cells attached to edges of the lightguide. Recently, however, new approaches [2] , [10] , [15] are being explored in which PV cells are attached to the back side of the lightguide, see Fig. 1 , instead of to the edges. By this approach, the conversion efficiency of PV cells can be effective for a larger area than that of the edges only, as well as reduce the path length that emitted light must travel to reach a cell, thus reducing reabsorption losses. Additional steps are taken to modify the contour of flat sheet lightguides and to shape the sheet material by bending it [14] , [15] to increase the design freedom and hence stimulate the applicability of LSC PV elements in product surfaces and for use in building added-or integrated-PV systems.
For the design of the LSC PV module called Leaf Roof, the primary goal is creating an attractive solar collection surface which creates a visually appealing interplay between colorful downshifting LSC surface area and front facing, direct sun processing PV cells. With an eye on performance, various cell configurations have been evaluated with regard to their efficiency by numerical simulations [5] , [10] using various concentrations of dyes from the Lumogen series by BASF and different contours and thicknesses for the PMMA lightguide. These results will enable the application of LSC PV modules in a number of shapes and colors and therefore provide design freedom to architects. The final design consists of a rhombic tile configuration, see Table II shows the effect of cutting these cells in three slices based on information from the datasheets of the manufacturer.
The present prototypes of the LSC PV Leaf Roof module consist of a 5 mm thick LSC PMMA lightguide containing 80 ppm of either Lumogen F red 305 dye or green 850 dye. To complete the module, a metallic back reflector made from copper is applied. The total area of the front surface of the Leaf Roof element is 0.11 m 2 , leading to a geometrical gain of 3.6 or (an LSC coverage of 72%). Based on information shown in Table I , the theoretical efficiency will be 6.2% with I mpp of 1.97 A and V mpp of 3.49 V, without encapsulation combined with a PMMA lightguide.
III. MEASUREMENTS
I-V curves of the Leaf Roof modules were measured in October 2016 by Spire using a Spi-Sun Simulator 3500 SLP at standard test conditions of 1000 W/ m 2 , a module temperature of 25°C, and an AM1.5 spectrum. The resulting curves for a Leaf Roof module with either a red or a green Lumogen dye (each with a concentration of 80 ppm) are shown in Fig. 4 . P mpp of the red and green modules are, respectively, 6.37 and 6.08 W, resulting in efficiencies of, respectively, 5.8% and 5.5%. These values are high compared to the existing record of 3.8% by Corrado et al., see also Table I . For the red module, I mpp is 3% higher than bare PV cells that do not have a cover by a PMMA lightguide (see Table I ), resulting in I mpp of 2.03 A.
This result deviates from the expected increase currently predicted by simulations with the optical raytracing software LightTools. Namely, under an AM1.5 spectrum with 70% direct beam irradiance and 30% diffuse irradiance, the expected net incident solar irradiance on PV cells covered with a 5 mm thick PMMA sheet with 80 ppm of Lumogen F red 305 dye would be 17% higher than irradiance received by bare PV cells under similar conditions. The difference between 17% and 3% could be explained by, among others, the effect of laser cutting of the solar cells. According to the simulations, in the case of uncolored PMMA sheets, these cells would receive 5% more irradiance. Also, V mpp of 3.14 V is 10% lower than expected. For the green module, V oc has a value 3.85 V and for the red module, the extrapolated V oc has a value of 3.93 V. This could be due to an increased series resistance caused by interconnects between the PV cells in this prototype. With this in mind, in future prototype development, it will be very important to consider appropriate designs for the reduction of series resistance
The red LSC PV module was also tested outdoors in a test bench for six PV modules at the University of Twente for a short period of time. The measurement setup comprises data acquisition equipment for one-minute recording of meteorological variables, module current, and voltage and module temperatures by a datalogger CR1000. Table III shows the specifications of the measurement equipment. The results of temperature measurements which took place on the backside of the Leaf Roof modules in a relatively hot and sunny period in September 2016 are presented in Fig. 5 . The results show a large difference between the temperature of a reference PV module, containing crystalline solar cells in a conventional glass-sheet PV module design, and the LSC PV module. Where a conventional PV module reaches a maximum temperature between 48°C and 60°C during a day, the temperature of an LSC PV module stays below 45°C. With a temperature coefficient for crystalline solar cells for their power of −0.4% per°C, this temperature difference of 15°C can result in a 6% higher yield for LSC PV modules compared to the conventional PV modules under the same high irradiance conditions of 880 W/m 2 and an ambient temperature of 30°C at a very low wind speed of 0.9 m/s. Basically, this different temperature behavior can be explained by two aspects. On the one hand, the properties of the dye that downshift the irradiance that is absorbed by the PV cells to energy levels close to the band gap will lead to less "waste" energy, in the form of heat, originating from the generation of electron hole pairs. On the other hand, PMMA is a material that absorbs and releases heat at a slower rate than glass, due to the difference between thermal conductivity of glass (typically ranging from 0.8 to 1.0 W/mK) and the thermal conductivity of PMMA, which is between 0.17 and 0.20 W/mK. These results support previous work [17] which studied the effect of cell positioning on polymer lightguides.
IV. CONCLUSION
We have demonstrated that large-scale LSCs of interesting physical shape and pleasant colors can be produced that maintain a reasonable geometrical gain and a high efficiency while simultaneously providing aesthetic design advantages. Moreover, temperature measurements indicate that LSC PV modules maintain lower temperatures than the conventional glass-sheetbased PV modules containing crystalline solar cells under similar irradiance and ambient temperatures. This will be favorable to the electricity production of crystalline solar cells under high irradiance and high ambient temperatures. As such, thermal properties of PMMA covered PV modules would be an interesting topic for extensive future research. Further performance improvements can be realized by reducing the series resistance between cell interconnects and optimizing the lightguides, both in shape as well as dye concentrations and cell positioning. This will be done in subsequent research and development of Leaf Roof LSC PV modules. 
